INTRODUCTION
============

Wearable electronics represent a fascinating opportunity because of their promising applications in personalized medicine. They can monitor an individual's state of health in a continuous, real-time, and noninvasive manner ([@R1]--[@R11]). Pulse and respiration, as two indispensable components of vital signs, can provide both an accurate assessment of the physiological state and remarkable insights into the diagnosis and prognosis of related diseases ([@R12]--[@R21]). To date, most wearable electronics for detecting subtle physiological signals are based on ultrathin substrates such as polyethylene terephthalate, polydimethylsiloxane, polyimide, glass, and silicone ([@R22]--[@R26]). A drawback of these substrates for use on the skin lies on their planar and rigid formats. As a result, tapes, Band-Aids, or other mechanical fixtures are required to establish a compact contact between wearable electronics and human skin, which can cause irritation and inconvenience during extended periods of use ([@R27], [@R28]). Moreover, these substrates have poor air permeability, resulting in discomfort when used for long-term, continuous health monitoring. To alleviate the aforementioned issues in health care, especially in daily usage, smart textiles offer a reliable solution. These textiles have the characteristics of softness, light weight, and breathability and, thus, the potential for realizing comfort in wearable electronics. In recent years, intensive endeavors have been devoted to develop textile-based systems in sensitive sensors, energy harvesting, and storage ([@R29]--[@R39]). In particular, successful research has been reported on optical fiber, piezoelectricity, and resistivity-based smart textiles applied in the monitoring of pulse and respiratory signals ([@R40]--[@R43]). However, these smart textiles typically have low sensitivity and a single monitoring parameter and cannot be manufactured on a large scale (table S1). In the case of pulse measurement, detailed information is difficult to capture because of the faint and rapid fluctuation of pulse (e.g., its feature points), and thus, high sensitivity and appropriate frequency response performance are required.

In this study, we introduce a triboelectric all-textile sensor array (TATSA) with high sensitivity for epidermal subtle pressure capturing, knitted with conductive and nylon yarns in a full cardigan stitch. The TATSA can provide high pressure sensitivity (7.84 mV Pa^−1^), fast response time (20 ms), stability (\>100,000 cycles), wide working frequency bandwidth (up to 20 Hz), and machine washability (\>40 washes). It is capable of integrating itself conveniently into clothes with discretion, comfort, and aesthetic appeal. Notably, our TATSA can be directly incorporated into different sites of the fabric that correspond to the pulse waves at the neck, wrist, fingertip, and ankle positions and to the respiratory waves in the abdomen and chest. To evaluate the excellent performance of the TATSA in real-time and remote health monitoring, we develop a personalized intelligent health monitoring system to continuously acquire and save physiological signals for the analysis of cardiovascular disease (CAD) and the assessment of sleep apnea syndrome (SAS).

RESULTS
=======

Fabrication and design
----------------------

As illustrated in [Fig. 1A](#F1){ref-type="fig"}, two TATSAs were stitched into the cuff and chest of a shirt to enable the dynamic and simultaneous monitoring of the pulse and respiratory signals, respectively. These physiological signals were transmitted wirelessly to the intelligent mobile terminal application (APP) for further analysis of health status. [Figure 1B](#F1){ref-type="fig"} shows the TATSA stitched into a piece of cloth, and the inset shows the enlarged view of the TATSA, which was knitted using the characteristic conductive yarn and commercial nylon yarn together in a full cardigan stitch. Compared with the fundamental plain stitch, the most common and basic knitting method, the full cardigan stitch was chosen because the contact between the loop head of the conductive yarn and the adjacent tuck stitch head of the nylon yarn (fig. S1) is a surface rather than a point contact, leading to a larger acting area for high triboelectric effect. To prepare the conductive yarn, we selected stainless steel as the fixed core fiber, and several pieces of one-ply Terylene yarns were twisted around the core fiber into one conductive yarn with a diameter of 0.2 mm (fig. S2), which served as both the electrification surface and the conducting electrode. The nylon yarn, which had a diameter of 0.15 mm and served as another electrification surface, had a strong tensile force because it was twisted by incomputable yarns (fig. S3). [Figure 1](#F1){ref-type="fig"} (C and D, respectively) shows photographs of the fabricated conductive yarn and nylon yarn. The insets show their respective scanning electron microscopy (SEM) images, which present a typical cross section of the conductive yarn and the surface of the nylon yarn. The high tensile strength of the conductive and nylon yarns ensured their weaving ability on an industrial machine to maintain a uniform performance of all sensors. As shown in [Fig. 1E](#F1){ref-type="fig"}, the conductive yarns, nylon yarns, and ordinary threads were wound onto their respective cones, which were then loaded onto the industrial computerized flat knitting machine for automatic weaving (movie S1). As shown in fig. S4, several TATSAs were knitted together with ordinary cloth using the industrial machine. A single TATSA with a thickness of 0.85 mm and a weight of 0.28 g could be tailored from the entire structure for individual use, exhibiting its excellent compatibility with other cloths. In addition, TATSAs could be designed in various colors to meet aesthetic and fashionable requirements because of the diversity of commercial nylon yarns ([Fig. 1F](#F1){ref-type="fig"} and fig. S5). The fabricated TATSAs have excellent softness and the capacity to withstand harsh bending or deformation (fig. S6). [Figure 1G](#F1){ref-type="fig"} shows the TATSA stitched directly into the abdomen and cuff of a sweater. The process of knitting the sweater is shown in fig. S7 and movie S2. The details of the front and back side of the stretched TATSA at the abdomen position are shown in fig. S8 (A and B, respectively), and the position of conductive yarn and nylon yarn is illustrated in fig. S8C. It can be seen here that the TATSA can be embedded in ordinary fabrics seamlessly for a discreet and smart appearance.

![Fabrication and structure of all-textile pressure sensors.\
(**A**) Two TATSAs integrated into a shirt for the monitoring of pulse and respiratory signals in real time. (**B**) Schematic illustration of the combination of TATSA and clothes. The inset shows the enlarged view of the sensor. (**C**) Photograph of the conductive yarn (scale bar, 4 cm). The inset is the SEM image of the cross section of the conductive yarn (scale bar, 100 μm), which consists of stainless steel and Terylene yarns. (**D**) Photograph of the nylon yarn (scale bar, 4 cm). The inset is the SEM image of the nylon yarn surface (scale bar, 100 μm). (**E**) Image of the computerized flat knitting machine carrying out the automatic weaving of the TATSAs. (**F**) Photograph of TATSAs in different colors (scale bar, 2 cm). The inset is the twisted TATSA, which demonstrates its excellent softness. (**G**) Photograph of two TATSAs completely and seamlessly stitched into a sweater. Photo credit: Wenjing Fan, Chongqing University.](aay2840-F1){#F1}

Structure and working mechanism
-------------------------------

To analyze the working mechanism of the TATSA, including its mechanical and electrical properties, we constructed a geometric knitting model of the TATSA, as shown in [Fig. 2A](#F2){ref-type="fig"}. Using the full cardigan stitch, the conductive and nylon yarns are interlocked in forms of loop units in the course and wale direction. A single loop structure (fig. S1) consists of a loop head, loop arm, rib-crossing part, tuck stitch arm, and tuck stitch head. Two forms of the contact surface between the two different yarns can be found: (i) the contact surface between the loop head of the conductive yarn and the tuck stitch head of the nylon yarn and (ii) the contact surface between the loop head of the nylon yarn and the tuck stitch head of the conductive yarn.

![Demonstration of the working principle of TATSA.\
(**A**) The TATSA with the front, right, and top sides of the knit loops. (**B**) Simulation result of the force distribution of a TATSA under an applied pressure of 2 kPa using the COMSOL software. (**C**) Schematic illustrations of the charge transfer of a contact unit under short-circuit conditions. (**D**) Simulation results of the charge distribution of a contact unit under an open circuit condition using the COMSOL software.](aay2840-F2){#F2}

The working principle of the TATSA can be explained in two aspects: external force stimulation and its induced charge. To intuitively understand the stress distribution in response to external force stimulus, we used finite element analysis using COMSOL software at different external forces of 2 and 0.2 kPa, as respectively shown in [Fig. 2B](#F2){ref-type="fig"} and fig. S9. The stress appears on the contact surfaces of two yarns. As shown in fig. S10, we considered two loop units to clarify the stress distribution. In comparing the stress distribution under two different external forces, the stress on the surfaces of the conductive and nylon yarns increases with the increased external force, resulting in the contact and extrusion between the two yarns. Once the external force is released, the two yarns separate and move away from each other.

The contact-separation movements between the conductive yarn and nylon yarn induce charge transfer, which is attributed to the conjunction of triboelectrification and electrostatic induction. To clarify the electricity-generating process, we analyze the cross section of the area where the two yarns contact with each other ([Fig. 2C~1~](#F2){ref-type="fig"}). As demonstrated in [Fig. 2](#F2){ref-type="fig"} (C~2~ and C~3~, respectively), when the TATSA is stimulated by the external force and the two yarns contact with each other, electrification occurs on the surface of the conductive and nylon yarns, and the equivalent charges with opposite polarities are generated on the surface of the two yarns. Once the two yarns separate, positive charges are induced in the inner stainless steel because of the electrostatic induction effect. The complete schematic is shown in fig. S11. To acquire a more quantitative understanding of the electricity-generating process, we simulated the potential distribution of the TATSA using COMSOL software ([Fig. 2D](#F2){ref-type="fig"}). When the two materials are in contact, the charge mainly collects on the friction material, and only a small amount of induced charge is present on the electrode, resulting in the small potential ([Fig. 2D](#F2){ref-type="fig"}, bottom). When the two materials are separated ([Fig. 2D](#F2){ref-type="fig"}, top), the induced charge on the electrode increases because of the potential difference, and the corresponding potential increases, which reveals a good accordance between the results obtained from the experiments and those from the simulations. Furthermore, since the conducting electrode of the TATSA is wrapped in Terylene yarns and the skin is in contact with both the two friction materials, therefore, when the TATSA is worn directly to the skin, the charge is dependent on the external force and will not be weakened by the skin.

Characterization of the TATSA
-----------------------------

To characterize the performance of our TATSA in various aspects, we provided a measuring system containing a function generator, power amplifier, electrodynamic shaker, force gauge, electrometer, and computer (fig. S12). This system generates an external dynamic pressure of up to 7 kPa. In experiment, the TATSA was placed on a flat plastic sheet in a free state, and the output electrical signals are recorded by the electrometer.

The specifications of the conductive and nylon yarns affect the output performance of the TATSA because they determine the contact surface and capacity for perceiving the external pressure. To investigate this, we fabricated three sizes of the two yarns, respectively: conductive yarn with a size of 150D/3, 210D/3, and 250D/3 and nylon yarn with a size of 150D/6, 210D/6, and 250D/6 (D, denier; a unit of measurement used to determine the fiber thickness of individual threads; fabrics with a high denier count tend to be thick). Then, we selected these two yarns with different sizes to knit them into a sensor, and the dimension of the TATSA was kept at 3 cm by 3 cm with the loop number of 16 in the wale direction and 10 in the course direction. Thus, the sensors with nine knitting patterns were obtained. The sensor by the conductive yarn with the size of 150D/3 and nylon yarn with the size of 150D/6 was the thinnest, and the sensor by the conductive yarn with the size of 250D/3 and nylon yarn with the size of 250D/6 was the thickest. Under a mechanical excitation of 0.1 to 7 kPa, the electrical outputs for these patterns were systematically investigated and tested, as shown in [Fig. 3A](#F3){ref-type="fig"}. The output voltages of the nine TATSAs increased with the increased applied pressure, from 0.1 to 4 kPa. Specifically, of all the knitting patterns, the specification of the 210D/3 conductive yarn and 210D/6 nylon yarn delivered the highest electrical output and exhibited the highest sensitivity. The output voltage showed an increasing trend with the increase in the thickness of the TATSA (because of the sufficient contact surface) until the TATSA was knitted using the 210D/3 conductive yarn and 210D/6 nylon yarn. As further increases in thickness would lead to the absorption of external pressure by the yarns, the output voltage decreased accordingly. Furthermore, it is noted that in the low-pressure region (\<4 kPa), a well-behaved linear variation in the output voltage with pressure gave a superior pressure sensitivity of 7.84 mV Pa^−1^. In the high-pressure region (\>4 kPa), a lower pressure sensitivity of 0.31 mV Pa^−1^ was experimentally observed because of the saturation of the effective friction area. A similar pressure sensitivity was demonstrated during the opposite process of applying force. The concrete time profiles of the output voltage and current under different pressures are presented in fig. S13 (A and B, respectively).

![Performance of the TATSA.\
(**A**) Output voltage under nine knitting patterns of the conductive yarn (150D/3, 210D/3, and 250D/3) combined with the nylon yarn (150D/6, 210D/6, and 250D/6). (**B**) Voltage response to various numbers of loop units in the same fabric area when keeping the loop number in the wale direction unchanged. (**C**) Plots showing the frequency responses under a dynamic pressure of 1 kPa and pressure input frequency of 1 Hz. (**D**) Different output and current voltages under the frequencies of 1, 5, 10, and 20 Hz. (**E**) Durability test of a TATSA under a pressure of 1 kPa. (**F**) Output characteristics of the TATSA after washing 20 and 40 times.](aay2840-F3){#F3}

The sensitivity and output voltage were also influenced by the stitch density of the TATSA, which was determined by the total number of loops in a measured area of fabric. An increase in the stitch density would lead to the greater compactness of the fabric structure. [Figure 3B](#F3){ref-type="fig"} shows the output performances under different loop numbers in the textile area of 3 cm by 3 cm, and the inset illustrates the structure of a loop unit (we kept the loop number in the course direction at 10, and the loop number in the wale direction was 12, 14, 16, 18, 20, 22, 24, and 26). By increasing the loop number, the output voltage first exhibited an increasing trend because of the increasing contact surface, until the maximum output voltage peak of 7.5 V with a loop number of 180. After this point, the output voltage followed a decreasing trend because the TATSA became tight, and the two yarns had a reduced contact-separation space. To explore in which direction the density has a great impact on the output, we kept the loop number of the TATSA in the wale direction at 18, and the loop number in the course direction was set to be 7, 8, 9, 10, 11, 12, 13, and 14. The corresponding output voltages are shown in fig. S14. By comparison, we can see that the density in the course direction has a greater influence on the output voltage. As a result, the knitting pattern of the 210D/3 conductive yarn and 210D/6 nylon yarn and 180 loop units were chosen to knit the TATSA after comprehensive evaluations of the output characteristics. Furthermore, we compared the output signals of two textile sensors using the full cardigan stitch and plain stitch. As shown in fig. S15, the electrical output and sensitivity using full cardigan stitch are much higher than that using plain stitch.

The response time for monitoring real-time signals was measured. To examine the response time of our sensor to external forces, we compared the output voltage signals with the dynamic pressure inputs at a frequency of 1 to 20 Hz ([Fig. 3C](#F3){ref-type="fig"} and fig. S16, respectively). The output voltage waveforms were almost identical to the input sinusoidal pressure waves under a pressure of 1 kPa, and the output waveforms had a fast response time (about 20 ms). This hysteresis may be attributed to the elastic structure not having returned to the original state as soon as possible after receiving the external force. Nevertheless, this tiny hysteresis is acceptable for real-time monitoring. To obtain the dynamic pressure with a certain frequency range, an appropriate frequency response of TATSA is expected. Thus, the frequency characteristic of TATSA was also tested. By increasing the external exciting frequency, the amplitude of the output voltage remained almost unchanged, whereas the amplitude of the current increased when the tapping frequencies varied from 1 to 20 Hz ([Fig. 3D](#F3){ref-type="fig"}).

To evaluate the repeatability, stability, and durability of the TATSA, we tested the output voltage and current responses to pressure loading-unloading cycles. A pressure of 1 kPa with a frequency of 5 Hz was applied to the sensor. The peak-to-peak voltage and current were recorded after 100,000 loading-unloading cycles ([Fig. 3E](#F3){ref-type="fig"} and fig. S17, respectively). The enlarged views of the voltage and the current waveform are shown in the inset of [Fig. 3E](#F3){ref-type="fig"} and fig. S17, respectively. The results reveal the remarkable repeatability, stability, and durability of the TATSA. Washability is also an essential assessment criterion of the TATSA as an all-textile device. To evaluate the washing ability, we tested the output voltage of the sensor after we machine-washed the TATSA according to the American Association of Textile Chemists and Colorists (AATCC) Test Method 135-2017. The detailed washing procedure is described in Materials and Methods. As shown in [Fig. 3F](#F3){ref-type="fig"}, the electrical outputs were recorded after washing 20 times and 40 times, which demonstrated that there were no distinct changes of the output voltage throughout the washing tests. These results verify the remarkable washability of the TATSA. As a wearable textile sensor, we also explored the output performance when the TATSA was in tensile (fig. S18), twisted (fig. S19), and different humidity (fig. S20) conditions.

Wireless mobile health monitoring system for arterial pulse and respiration monitoring
--------------------------------------------------------------------------------------

On the basis of the numerous advantages of the TATSA demonstrated above, we developed a wireless mobile health monitoring system (WMHMS), which has the capability of continuously acquiring physiological signals and then giving professional advice for a patient. [Figure 4A](#F4){ref-type="fig"} shows the scheme diagram of the WMHMS based on the TATSA. The system has four components: the TATSA to acquire the analog physiological signals, an analog conditioning circuit with a low-pass filter (MAX7427) and an amplifier (MAX4465) to ensure sufficient details and excellent synchronism of signals, an analog-to-digital converter based on a microcontroller unit to collect and convert the analog signals to digital signals, and a Bluetooth module (CC2640 low-power Bluetooth chip) to transmit the digital signal to the mobile phone terminal application (APP; Huawei Honor 9). In this study, we stitched the TATSA seamlessly into a lace, wristband, fingerstall, and sock, as shown in [Fig. 4B](#F4){ref-type="fig"}.

![Pulse wave measurements at various artery positions and analysis of the pulse signals.\
(**A**) Illustration of the WMHMS. (**B**) Photographs of the TATSAs stitched into a wristband, fingerstall, sock, and chest strap, respectively. Measurement of the pulse at the (**C**~**1**~) neck, (**D**~**1**~) wrist, (**E**~**1**~) fingertip, and (**F**~**1**~) ankle. Pulse waveform at the (**C**~**2**~) neck, (**D**~**2**~) wrist, (**E**~**2**~) fingertip, and (**F**~**2**~) ankle. (**G**) Pulse waveforms of different ages. (**H**) Analysis of a single pulse wave. Radial augmentation index (AIx) defined as AIx (%) = *P*~2~/*P*~1~. *P*~1~ is the peak of the advancing wave, and *P*~2~ is the peak of the reflected wave. (**I**) A pulse cycle of the brachial and the ankle. Pulse wave velocity (PWV) is defined as PWV = *D*/∆*T*. *D* is the distance between the ankle and the brachial. ∆*T* is the time delay between the peaks of the ankle and brachial pulse waves. PTT, pulse transit time. (**J**) Comparison of AIx and brachial-ankle PWV (BAPWV) between healthy and CADs. \**P* \< 0.01, \*\**P* \< 0.001, and \*\*\**P* \< 0.05. HTN, hypertension; CHD, coronary heart disease; DM, diabetes mellitus. Photo credit: Jin Yang, Chongqing University.](aay2840-F4){#F4}

To monitor the pulse signals of the different human body parts, we attached aforementioned decorations with TATSAs to the corresponding positions: neck ([Fig. 4C~1~](#F4){ref-type="fig"}), wrist ([Fig. 4D~1~](#F4){ref-type="fig"}), fingertip ([Fig. 4E~1~](#F4){ref-type="fig"}), and ankle ([Fig. 4F~1~](#F4){ref-type="fig"}), as elaborated in movies S3 to S6. In medicine, there are three substantial feature points in the pulse wave: the peak of the advancing wave *P*~1~, the peak of the reflected wave *P*~2~, and the peak of the dicrotic wave *P*~3~. The characteristics of these feature points reflect the health state of arterial elasticity, peripheral resistance, and left ventricular contractility related to the cardiovascular system. The pulse waveforms of a 25-year-old woman at the above four positions were acquired and recorded in our test. Note that the three distinguishable feature points (*P*~1~ to *P*~3~) were observed on the pulse waveform at the neck, wrist, and fingertip positions, as shown in [Fig. 4 (C~2~ to E~2~)](#F4){ref-type="fig"}. By contrast, only *P*~1~ and *P*~3~ appeared on the pulse waveform at the ankle position, and *P*~2~ was not present ([Fig. 4F~2~](#F4){ref-type="fig"}). This result was caused by the superposition of the incoming blood wave ejected by the left ventricle and the reflected wave from the lower limbs ([@R44]). Prior studies have shown that *P*~2~ presents in waveforms measured in the upper extremities but not in the ankle ([@R45], [@R46]). We observed similar results in the waveforms measured with the TATSA, as shown in fig. S21, which shows typical data from the population of 80 patients studied here. We can see that *P*~2~ did not appear in these pulse waveforms measured in the ankle, demonstrating the ability of the TATSA to detect subtle features within the waveform. These pulse measurement results indicate that our WMHMS can accurately reveal the pulse wave characteristics of the upper and lower body and that it is superior to other works ([@R41], [@R47]). To further indicate that our TATSA can be widely applied to different ages, we measured pulse waveforms of 80 subjects at different ages, and we showed some typical data, as shown in fig. S22. As shown in [Fig. 4G](#F4){ref-type="fig"}, we chose three participants aged 25, 45, and 65 years old, and the three feature points were obvious for the young and middle-aged participants. According to the medical literature ([@R48]), the characteristics of most people's pulse waveforms change as they age, such as the disappearance of the point *P*~2~, which is caused by the reflected wave moved forward to superimpose itself on the advancing wave through the decrease in vascular elasticity. This phenomenon is also reflected in the waveforms that we collected, further verifying that the TATSA can be applied to different populations.

Pulse waveform is affected not only by the physiological state of the individual but also by the test conditions. Therefore, we measured the pulse signals under different contact tightness between the TATSA and the skin (fig. S23) and various detecting positions at the measuring site (fig. S24). It can be found that the TATSA can obtain consistent pulse waveforms with detailed information around the vessel in a large effective detecting area at the measuring site. In addition, there are distinct output signals under different contact tightness between the TATSA and the skin. In addition, the motion of individuals wearing the sensors would affect the pulse signals. When the wrist of the subject is in a static condition, the amplitude of the obtained pulse waveform is stable (fig. S25A); conversely, when the wrist is slowly moving at an angle from −70° to 70° during 30 s, the amplitude of the pulse waveform will fluctuate (fig. S25B). However, the contour of each pulse waveform is visible, and the pulse rate can still be accurately obtained. Obviously, to achieve stable pulse wave acquisition in human motion, further work including sensor design and back-end signal processing is needed to be researched.

Furthermore, to analyze and quantitatively assess the condition of the cardiovascular system through the acquired pulse waveforms using our TATSA, we introduced two hemodynamic parameters according to the assessment specification of the cardiovascular system, namely, the augmentation index (AIx) and the pulse wave velocity (PWV), which represent the elasticity of arteries. As shown in [Fig. 4H](#F4){ref-type="fig"}, the pulse waveform at the wrist position of the 25-year-old healthy man was used for the analysis of AIx. According to the formula (section S1), AIx = 60% was obtained, which is a normal value. Then, we simultaneously collected two pulse waveforms at the arm and ankle positions of this participant (the detailed method of measuring of the pulse waveform is described in Materials and Methods). As shown in [Fig. 4I](#F4){ref-type="fig"}, the feature points of the two pulse waveforms were distinct. We then calculated the PWV according to the formula (section S1). PWV = 1363 cm/s, which is a characteristic value expected of a healthy adult male, was obtained. On the other hand, we can see that the metrics of AIx or PWV is not affected by the amplitude difference of the pulse waveform, and the values of AIx in different body parts are various. In our study, the radial AIx was used. To verify the applicability of WMHMS in different people, we selected 20 participants in the healthy group, 20 in the hypertension (HTN) group, 20 in the coronary heart disease (CHD) group aged from 50 to 59 years old, and 20 in the diabetes mellitus (DM) group. We measured their pulse waves and compared their two parameters, AIx and PWV, as presented in [Fig. 4J](#F4){ref-type="fig"}. It can be found that the PWV values of the HTN, CHD, and DM groups were lower compared with that of healthy group and have statistical difference (*P*~HTN~ ≪ 0.001, *P*~CHD~ ≪ 0.001, and *P*~DM~ ≪ 0.001; the *P* values were calculated by *t* test). Meanwhile, the AIx values of the HTN and CHD groups were lower compared with the healthy group and have statistical difference (*P*~HTN~ \< 0.01, *P*~CHD~ \< 0.001, and *P*~DM~ \< 0.05). The PWV and AIx of the participants with CHD, HTN, or DM were higher than those in the healthy group. The results show that the TATSA is capable of accurately obtaining the pulse waveform to calculate the cardiovascular parameter to assess cardiovascular health status. In conclusion, because of its wireless, high-resolution, high-sensitivity characteristics and comfort, the WMHMS based on the TATSA provides a more efficient alternative for real-time monitoring than the current expensive medical equipment used in hospitals.

Aside from the pulse wave, respiratory information is also a primary vital sign to help assess the physical condition of an individual. The monitoring of respiration based on our TATSA is more attractive than the conventional polysomnography because it can be seamlessly integrated into clothes for better comfort. Stitched into a white elastic chest strap, the TATSA was directly tied to the human body and secured around the chest for monitoring respiration ([Fig. 5A](#F5){ref-type="fig"} and movie S7). The TATSA deformed with the expansion and contraction of the ribcage, resulting in an electrical output. The acquired waveform is verified in [Fig. 5B](#F5){ref-type="fig"}. The signal with large fluctuations (an amplitude of 1.8 V) and periodic changes (a frequency of 0.5 Hz) corresponded to the respiratory motion. The relatively small fluctuation signal was superimposed on this large fluctuation signal, which was the heartbeat signal. According to the frequency characteristics of the respiration and heartbeat signals, we used a 0.8-Hz low-pass filter and a 0.8- to 20-Hz band-pass filter to separate the respiratory and heartbeat signals, respectively, as shown in [Fig. 5C](#F5){ref-type="fig"}. In this case, stable respiratory and pulse signals with abundant physiological information (such as respiratory rate, heartbeat rate, and feature points of the pulse wave) were obtained simultaneously and accurately by simply placing the single TATSA on the chest.

![Respiratory wave measurements and analysis of SAS.\
(**A**) Photograph showing the display of the TATSA placed on the chest for measuring the signal in the pressure associated with respiration. (**B**) Voltage-time plot for the TATSA mounted on the chest. (**C**) Decomposition of the signal (B) into the heartbeat and the respiratory waveform. (**D**) Photograph showing two TATSAs placed on the abdomen and wrist for measuring respiration and pulse, respectively, during sleep. (**E**) Respiratory and pulse signals of a healthy participant. HR, heart rate; BPM, beats per minute. (**F**) Respiratory and pulse signals of a SAS participant. (**G**) Respiratory signal and PTT of a healthy participant. (**H**) Respiratory signal and PTT of a SAS participant. (**I**) Relationship between PTT arousal index and apnea-hypopnea index (AHI). Photo credit: Wenjing Fan, Chongqing University.](aay2840-F5){#F5}

To prove that our sensor can accurately and reliably monitor pulse and respiratory signals, we carried out an experiment to compare the measurement results of the pulse and respiration signals between our TATSAs and a standard medical instrument (MHM-6000B), as elaborated in movies S8 and S9. In pulse wave measurement, the photoelectric sensor of the medical instrument was worn on the left index finger of a young girl, and meanwhile, our TATSA was worn on her right index finger. From the two acquired pulse waveforms, we can see that their contours and details were identical, indicating that the pulse measured by the TATSA is as precise as that by the medical instrument. In respiration wave measurement, five electrocardiographic electrodes were attached to five areas on the body of a young man according to the medical instruction. In contrast, only one TATSA was directly tied to the body and secured around the chest. From the collected respiratory signals, it can be seen that the variation tendency and rate of the detected respiration signal by our TATSA were consistent with that by the medical instrument. These two comparison experiments validated the accuracy, reliability, and simplicity of our sensor system for monitoring pulse and respiratory signals.

Furthermore, we fabricated a piece of smart clothing and stitched two TATSAs at the abdomen and wrist positions for monitoring the respiratory and pulse signals, respectively. Specifically, a developed dual-channel WMHMS was used to capture the pulse and respiratory signals simultaneously. Through this system, we obtained the respiratory and pulse signals of a 25-year-old man dressed in our smart clothing while sleeping ([Fig. 5D](#F5){ref-type="fig"} and movie S10) and sitting (fig. S26 and movie S11). The acquired respiratory and pulse signals could be wirelessly transmitted to the APP of the mobile phone. As mentioned above, the TATSA has the ability to capture respiratory and pulse signals. These two physiological signals are also the criteria to estimate SAS medically. Therefore, our TATSA can also be used to monitor and assess sleep quality and related sleep disorders. As shown in [Fig. 5](#F5){ref-type="fig"} (E and F, respectively), we continuously measured the pulse and respiratory waveforms of two participants, a healthy one and a patient with SAS. For the person without apnea, the measured respiratory and pulse rates remained stable at 15 and 70, respectively. For the patient with SAS, a distinct apnea for 24 s, which is an indication of an obstructive respiratory event, was observed, and the heart rate slightly increased after a period of apnea because of the regulation of the nervous system ([@R49]). In summary, respiratory status can be evaluated by our TATSA.

To further assess the type of SAS through pulse and respiratory signals, we analyzed the pulse transit time (PTT), a noninvasive indicator reflecting the changes in peripheral vascular resistance and intrathoracic pressure (defined in section S1) of a healthy man and a patient with SAS. For the healthy participant, the respiratory rate remained unchanged, and the PTT was relatively stable from 180 to 310 ms ([Fig. 5G](#F5){ref-type="fig"}). However, for the SAS participant, the PTT increased continuously from 120 to 310 ms during apnea ([Fig. 5H](#F5){ref-type="fig"}). Thus, the participant was diagnosed with obstructive SAS (OSAS). If the change in PTT decreased during the apnea, then the condition would be determined as a central sleep apnea syndrome (CSAS), and if both of these two symptoms existed simultaneously, then it would be diagnosed as a mixed SAS (MSAS). To assess the severity of SAS, we further analyzed the collected signals. PTT arousal index, which is the number of PTT arousals per hour (PTT arousal is defined as a fall in PTT of ≥15 ms lasting for ≥3 s), plays a vital role in evaluating the degree of SAS. The apnea-hypopnea index (AHI) is a standard for determining the degree of SAS (apnea is the cessation of breathing, and hypopnea is overly shallow breathing or an abnormally low respiratory rate), which is defined as the number of apneas and hypopnea per hour while sleeping (the relationship between the AHI and the rating criteria for OSAS is shown in table S2). To investigate the relationship between the AHI and the PTT arousal index, the respiratory signals of 20 patients with SAS were selected and analyzed with TATSAs. As shown in [Fig. 5I](#F5){ref-type="fig"}, the PTT arousal index positively correlated with the AHI, as apnea and hypopnea during sleep cause the obvious and transient elevation of blood pressure, leading to the decrease in the PTT. Therefore, our TATSA can obtain stable and accurate pulse and respiratory signals simultaneously, thus providing important physiological information on the cardiovascular system and SAS for the monitoring and evaluation of related diseases.

DISCUSSION
==========

In summary, we developed a TATSA using the full cardigan stitch to detect different physiological signals simultaneously. This sensor featured a high sensitivity of 7.84 mV Pa^−1^, fast response time of 20 ms, high stability of over 100,000 cycles, and wide working frequency bandwidth. On the basis of the TATSA, a WMHMS was also developed to transmit the measured physiological parameters to a mobile phone. TATSA can be incorporated into different sites of clothes for aesthetic design and used to simultaneously monitor the pulse and respiratory signals in real time. The system can be applied to help distinguish between healthy individuals and those with CAD or SAS because of its capability to capture detailed information. This study provided a comfortable, efficient, and user-friendly approach for measuring human pulse and respiration, representing an advancement in the development of wearable textile electronics.

MATERIALS AND METHODS
=====================

Fabrication of conductive yarn
------------------------------

The stainless steel was repeatedly passed through the mold and stretched to form a fiber with a diameter of 10 μm. A stainless steel fiber as the electrode was inserted into several pieces of commercial one-ply Terylene yarns.

Experimental setup for pressure and electrical characterization
---------------------------------------------------------------

A function generator (Stanford DS345) and an amplifier (LabworkPa-13) were used to provide a sinusoidal pressure signal. A dual-range force sensor (Vernier Software & Technology LLC) was used to measure the external pressure applied to the TATSA. A Keithley system electrometer (Keithley 6514) was used to monitor and record the output voltage and current of the TATSA.

Washing test
------------

According to AATCC Test Method 135-2017, we used the TATSA and enough ballast as a 1.8-kg load and then put them into a commercial laundering machine (Labtex LBT-M6T) to perform delicate machine washing cycles. Then, we filled the laundering machine with 18 gallons of water at 25°C and set the washer for the selected washing cycle and time (agitation speed, 119 strokes per minute; washing time, 6 min; final spin speed, 430 rpm; final spin time, 3 min). Last, the TATSA was hung dry in still air at room temperature not higher than 26°C.

Measurement of PWV
------------------

The subjects were instructed to lie in a supine position on the bed. The TATSA was placed on the measuring sites. Once the subjects were in standard supine position, they maintained a completely relaxed state for 5 to 10 min. The pulse signal then started measuring.
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